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INTRODUCTION 70
Somatic cells can be reverted to pluripotency by inducing the expression of four 71 transcription factors namely OCT4, SOX2, KLF4 and MYC in a process known as cellular 72 reprogramming [1] [2] [3] [4] [5] [6] . Discovery of this phenomenon has raised the hopes for advancing the field of 73 regenerative medicine 7 . However, cellular reprogramming suffers from extremely low efficiency 74 especially for the human cells, resulting in a heterogeneous population in which few cells can be 75 characterized as pluripotent [8] [9] [10] . Although a handful of studies analyzed bulk population to 76 understand the reprogramming mechanisms [11] [12] [13] [14] [15] [16] [17] , ensemble measurement of the heterogeneous 77 population impedes the discerning of transcriptomic and epigenetic changes taking place in the 78 minority of cells undergoing the route towards successful reprogramming. Single-cell sequencing 79 technologies provide tools to decipher the types of cells present in a heterogeneous mixture 18 . In the 80 present study, we adopted the parallel genome-wide single-cell assays of scRNA-Seq and scATAC-81 Seq 19-21 to profile transcriptome and chromatin accessibility of human reprogramming cells across 82 various stages. We identified cellular diversification and trajectories where individual cell displays 83 different dynamics and potential for reprogramming. Moreover, with a set of cell surface markers 84 and a fluorescent probe BDD2-C8, we were able to enrich for the early-intermediary cells 85 undergoing route towards successful reprogramming. In addition, we identified the modulators 86 driving the changes in gene regulatory network and chromatin accessibility, as cells advanced 87 towards the diverse reprogramming trajectories. Of note, the pivot from FOSL1 to TEAD4-centric 88 regulatory networks is essential for the acquisition of the pluripotent state. 89 90 RESULTS 91
Single-cell Profiling of Cell-Fate Reprogramming 92
To study the heterogeneity of human reprogramming, we analyzed a total of 33468 scRNA-93
Seq and scATAC-Seq libraries with good quality, including day 0 (BJ), day 2 (D2), day 8 (D8), 94 day12 (D12) and day 16 (D16) OSKM-induced reprogramming cells (Figure 1a and Supplementary 95 Table 1 ). On D16, cells were sorted using the TRA-1-60 marker to distinguish the successfully 96 reprogrammed (D16+) from the non-reprogrammed (D16-) cells (Figures 1a and S1a-b). The 97 generated iPSCs were characterized with immunostaining, DNA methylation, and terotoma assay 98 (Figures S1c-e). Two distinct approaches were used for scRNA-Seq library preparation. 99
Microfluidic cell capture-based assay (Fluidigm C1) reads the full-length transcripts from hundreds 100 of cells with high resolution, whereas the droplet-based assay (10X Genomics) probes the 3' end of 101 and acquire alternative lineage cell-fates. 136 We then performed differential gene expression (DGE) analysis to evaluate the subgroup 137 specific genes (Figure 2d and Supplementary Table 2 ). Among D2 subgroups, G3 cells had the 138 most distinct transcriptomic profile with exclusive expression of a remarkable number of genes, 139
including ERBB3 (Figures 2d-e ). Majority of D2 G1-2 genes, for example CDK1, were expressed 140 highly in D16+ G2, suggestive of their higher reprogramming propensity (Figures 2d-f ). Among D8 141 subgroups, G1-2 specific genes were expressed highly in BJ and D16-but not the D16+ cells, such 142 as JUNB, LUM, COL1A1, and COL6A3 (Figure 2d ). The opposite trend was observed for D8 G2-3 143 genes. RFC3 was vastly expressed in D8 G2-3 cells, whereas GDF3 was specifically expressed in 144 the G3 (Figures 2d-f ). In agreement with the correlation to the differentiated lineages, D16+ G1 145 specific genes, including MMP2, were also expressed highly in the D16-cells, suggesting that 146 D16+ G1 cells were at most partially reprogrammed (Figures 2d-f ). On the other hand, epithelial 147 genes and pluripotent genes including CDH1, NANOG and LIN28A, as well as genes associated 148 with mRNA splicing and transcription of the small RNAs including WBP11 and POLR3K, were 149 specifically expressed in D16+ G2 cells. Intriguingly, depletion of POLR3K and WBP11 resulted in 150 ablated reprogramming efficiency, indicating the functional importance of the D16+ G2 specific 151 genes for reprogramming ( Figure S2e ). Additionally, D8 G3 and D16+ G2 specific genes exhibited 152 high stemness score for PSCs, whereas D8 G1-2 and D16+ G1 specific genes significantly 153 associated with the differentiated lineages ( Figures S2f-g) . 154
To test the notion of the diverse reprogramming potentials, D8 subgroups were correlated to 155 the subgroups of various time-points ( Figure S2h ). Interestingly, G3 cells highly correlated with 156 D16+ G2 cells, whereas G2 cells represented an intermediate state in which the cells were 157 moderately correlated with all D16 cells. G1 cells, on the other hand, strongly correlated with D16-158 and cells from the early time-points (BJ and D2). In-house devised classifier displayed a similar 159 correlation trend of the reprogramming time-points to the D8 subgroups ( Figure 2g ). 160
Pseudotemporal trajectory of reprogramming cells 161
We next analyzed 10X libraries to construct pseudotemporal map of cellular reprogramming. subgroups. Interestingly, majority of the D2 G1-3 cells were found in state 3 (95% of G1, 65% of 167 G2, and 80% of G3), whereas G4 cells scattered across the early states ( Figure S3e subgroup specific markers were expressed differentially along the pseudotime axis ( Figure 3f ). 177 RFC3 (D8 G2-3) and GDF3 (D8 G3), and NANOG and LIN28A (D16+ G2) were expressed highly 178 in the cells on the successful reprogramming trajectory, whereas MMP2 (D16+ G1) showed the 179 opposite trend. Next, we determined the gene expression patterns and significant biological 180 processes defining the trajectory ( Figure S3i and Supplementary Table 3 ). At branching event 1, 181 cells with high levels of lineage genes advanced towards successful reprogramming, whereas cells 182 with abundant DNA replication genes deviated from the path (Figures 3g-h and S3i). Interestingly, 183 successfully reprogrammed cells at branching point 4 were highly active for DNA replication and 184 mRNA splicing, which were implicated to be essential for reprogramming 26, 27 . On the other hand, 185 collagen and extracellular matrix related genes emerged to be detrimental for reprogramming at the 186 branching point 3 and 4, and lineage processes such as angiogenesis and epidermis development 187 contributed to the unsuccessful reprogramming at branching point 4. Together, these analyses 188 provide a plethora of data for identifying the novel processes and modulators affecting the 189 reprogramming trajectory at an unprecedented single-cell resolution. 190
Toolkits to enrich for early-intermediate cells with diverse reprogramming potentials 191
To enrich for the intermediate cells with high reprogramming potential, we conducted a 192 screen for a library of 34 DOLFA 28,29 fluorescent dyes ( Figure S4a Figure S4e ). BDD2-C8 also precisely captured changes in 199 reprogramming efficiency upon depletion of the key modulators 15 ( Figure S4f ). Single-cell qPCR 200 showed that BDD2-C8+ cells expressed higher levels of epithelial and pluripotent genes, and lower 201 levels of mesenchymal and somatic genes ( Figure 4b ). To further characterize, we prepared 192 202 scRNA-Seq libraries for D8 cells stained highly (D8 BDD2-C8+ ) and lowly (D8 BDD2-C8-) for BDD2-C8. 203
In the ensuing RCA analysis, D8 BDD2-C8+ and D8 BDD2-C8cells clustered close to the D8 G2-3 and G1  204 respectively, which were substantiated by the similar expression profiles for the subgroup specific 205 genes ( Figures 4c-d and S4g-h). GO enriched for D8 BDD2-C8+ specific genes were related to cell 206 cycle, embryo development and stem cell population maintenance, whereas D8 BDD2-C8genes were 207 predominantly represented by epithelial to mesenchymal transition, extracellular matrix 208 organization, and development processes (Figure 4e and Supplementary Table 4 ). In terms of 209 structural complexes, D8 BDD2-C8genes were specifically enriched in the endoplasmic reticulum (ER) 210 lumen and Golgi ( Figure S4i ). Interestingly, BDD2-C8 were localized in the ER and Golgi (Figure  211 S4j). In addition, higher expression of secretory genes in the D8 BDD2-C8cells implicated its active 212 ER-Golgi secretion pathway ( Figure S4k ). Depletion of these genes indeed resulted in the retention 213 of BDD2-C8 ( Figures S4l-m ). This indicates that BDD2-C8 may be actively effluxed from BJ and 214 the non-reprogrammed cells (D8 G1) but retained in the pluripotent cells and intermediate cells with 215 high reprogramming potential, due to the differential ER-Golgi secretion activities. 216
We next identified surface markers with differential expression among D8 subgroups to 217 enrich for the intermediate cells with varying reprogramming potentials ( Supplementary Table 4 ). 218
Shortlisted surface markers displayed higher expression in D8 G1/G2 and D16-cells than D8 G3 219 and D16+ cells respectively (Figures 4f-g). Majority of them were abundantly enriched in the 220 parental BJ cells, except for CD201. Expression dynamics of the surface markers were validated by 221 time-course FACS analysis ( Figure 4h ). Further, D8 cells stained negatively for the surface markers 222 exhibited lower expression of mesenchymal markers but higher epithelial and pluripotency genes, 223 including the D8 G3 marker GDF3 (Figure 4i ). Noteworthy, negatively stained D8 populations 224 gave rise to more TRA-1-60+ colonies, indicating the capacity of surface markers to isolate early 225 reprogrammed cells with high stemness feature ( Figure 4j ). We then examined the similarity of 226 cells sorted by BDD2-C8 and the identified surface markers. Indeed, D8 BDD2-C8+ cells demonstrated 227 lower level of CD13, CD44, and CD201 (Figure 4k-l). Of note, difference in the CD201 protein 228 amount was subtler, which could be due to its inconsistent expression across the D8 subgroups (G1-229 2 like) with BDD2-C8 (G2-3 like). Of note, co-staining of CD13 and CD44 markers showed 
Refined classification of the intermediate population 238
To decipher the intermediate reprogramming cells, we prepared 10X libraries on D8 cells 239 sorted with CD13. Majority of the libraries passed the QC thresholds ( Figure S5a ). Expectedly, 240 libraries showed 2 distinct groups with differential CD13 expression (Figures 5a and S5b). Notably, 241 majority of the genes that were expressed highly in CD13+ cells were correspondingly expressed in 242 the D8 BDD2-C8cells and vice versa ( Figure S5c showed that clusters 1-4 correlated with ESCs, whereas the other clusters to the fibroblast state 245 ( Figure S5e ). RCA corroborated the association of CD13+ cells to the MSCs and Fibroblast 246 lineages (resembling G1) ( Figure 5c ). Interestingly, among the CD13-cells, cluster 1 showed the 247 highest correlation score to the PSCs, indicating similarity to the D8 G3 cells ( Figure 5c ). Whereas, 248 cells of cluster 3 and 4 showed resemblance to both the MSCs and ESCs, albeit at a lower 249 significance than cluster 1 in terms of the ESCs (Figure 5c ). On the other hand, cells of cluster 2 250 and 7 exhibited a transitional intermediate profile ( Figure 5c ). We next used MAGIC 32 for pairwise 251 comparison between CD13 and GDF3. Interestingly, cells with lower CD13 levels exhibited higher 252 expression of GDF3 and NANOG, among which cluster 1 and 4 exhibited the highest GDF3 corresponded to higher BDD2-C8 staining signals than CD13+CD201+ cells ( Figure S5k ). Hence, 273
we hypothesized that dual sorting with CD13 and CD201 markers would allow us to enrich for 274 successfully reprogrammed early-intermediary cells with higher purity. 275
We thus categorized D8 cells into double negative (CD13-CD201-), double positive 276 (CD13+CD201+) and intermediate (CD13-CD201+) cells, which were then subjected to gene 277 measurement ( Supplementary Table 5 ). CD13+CD201+ cells expressed fibroblast and 278 mesenchymal genes and genes associated with extracellular matrix and cell adhesion (Figures 5k-l). 279
On the contrary, CD13-CD201-cells expressed genes related to pluripotency, epithelial lineage, cell 280 division, neuronal differentiation, and stem cell population maintenance. CD13-CD201+ cells 281 exhibited an intermediate transcription profile (Figures 5k-l) . In addition, genes highly expressed in 282 CD13+CD201+ cells were mostly enriched in the D16-but not D16+ cells, whereas the opposite 283 was observed for CD13-CD201-specific genes ( Figure S5l ). Notably, depletion of genes highly 284 expressed in the CD13+CD201+ population resulted in more reprogrammed colonies ( Figure 5m Contrastingly, Early Expressed TFs adopted higher expression in the cells of CD13-CD201-and 304
CD13-CD201+ (Figures 6a and S6d). CD13-CD201-cells expressed the highest level of Late 305
Expressed TFs, such as PRDM14, DNMT3B and LHX6. 306
To investigate how the regulatory TFs accessed its genomic targets, we then analyzed time-307 course scATAC-Seq libraries of reprogramming cells (Figure 1a ). Both batches of libraries showed 308 similar promoter accessibility profiles ( Figure S6e ). We also observed diminished accessibility on 309 the fibroblast-specific DHS and increased accessibility on the pluripotency-specific DHS as 310 reprogramming progressed ( Figure S6f ). Next, we utilized chromVAR 34 reported to act as repressors in mouse reprogramming 45,46 ( Figure 6 ). An earlier report showed that 445 FOSL1 lost many of its binding as early as day 2 of mouse reprogramming 46 . Our study reveals that, 446 in the human system, D8  BJ  D2  D4  D6  H1  D10  D12  D8  BJ  D2  D4  D6  H1  D10  D12  D8  BJ  D2  D4  D6  H1  D10  D12 CD44 CD13 CD201 SNAI2  COL6A3  COL6A1  FN1  COL6A2  FLG  TIMP1  CSTB  TIMP3  IGF2  KRT6A  PRSS3  MGP  LYPD2  JUNB  CD201  PLAU  CENPF  AXL  TNFRSF12A  C12orf75  LGALS1  SULF1  TAGLN  CAV1  LOX  COL1A2  COL1A1  COL3A1  SPARC  IGFBP5  THBS1  CD44  CD13  MFGE8  SPP1  KRT18  AKR1C1  GSTP1  ALDH1A1  CD55  LINC00437  ANXA2  ANXA1  CD36  KCTD12  IFI27  CHPT1  ARGFX  PLAT  FLNB  CRABP2  IGFBP4  RGS2  IGFBP6  MFAP5  C9orf3  EMP2  HAND1  TEAD4  PALLD  MT2A  KDM1A  CD83  CD70  TDGF1  SOSTDC1  SCGB3A2  MIR302B  LIM2  CALB1  B3GNT7  ASRGL1  AK4  TUBB4A  SERPINB9  RGS5  MIR205HG  LEFTY2  C9orf135  APOE  MT1G  HIST1H4C  MAD2L1  MT1E  SOX4  OLFML3  ATP2B1  HMGB2  KRT8  MT1X 
